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The catalytic properties of four polyoxometalate (POM)-
based metal-organic frameworks, {[Cu,(4,4'-bipy),(H,0)4]-
(SiW12040)(H20)18}n (1), {[Cuz(4,4"-bipy)s(H20)4](SiW15040)-
(4,4'-bipy)2(H20)4}n (2), {[Cuz(4,4'-bipy)s(H20)4](PW12040)-
(HzO0)1gln  (3),  and  {[Cuy(4,4'-bipy)s(H20)4](PMo015040)-
(H2O)18}n (4) (bipy = bipyridine), for the oxidation of ethyl-
benzene were investigated. Complexes 1-4, which feature
3D frameworks formed through static incorporation between

distinct Keggin POMs and the same voids in the 2D network
of [Cuy(4,4’-bipy)4(H,0)4],4"*, show the distinct conversion
and selectivity for the oxidation of ethylbenzene. Investiga-
tion into the difference in the catalytic activity of 1-4 reveals
that the oxidation of the substrate was performed in the pore
of the framework and that the valence of the metal ion in the
polyoxometalates significantly affects the catalytic activity of
the 3D framework.

Introduction

Owing to various advantages!!! polyoxometalates
(POMs) have been applied to several large-scale commercial
processes and are regarded as promising green catalysts.!!~#
However, the difficulty in controlling the pore size, the ag-
gregation of POMs in preparation of the catalyst, and the
limited variation in chemical formulation and functionality
often limit their applications.l! One of the approaches to
solve the problems is to use transition metals, organic li-
gands, and POMs to assemble POM-based metal-organic
frameworks.>- 'l Although the approach has successfully
solved the problem of aggregation of POMs in the catalytic
process and offers great potential for chemical and struc-
tural diversity, investigation of the catalytic properties of
these kinds of materials is rather limited.?b-12-14]

In previous works, we have developed an approach for
the construction of POM-based metal-organic frameworks
through direct static incorporation between POMs and the
voids in the 2D network.['>) In comparison with that of co-
valently linking the metal-organic unit and POMs into a 3D
structure, the approach of constructing POM-based metal-
organic frameworks through direct static incorporation
does not only provide a convenient synthetic route to po-
rous POMs-based materials; the pore of the material also

[a] State Key Laboratory of Physical Chemistry of Solid Surface
and Department of Chemistry, College of Chemistry and
Chemical Engineering, Xiamen University,

Xiamen 361005, P. R. China

Fax: +86-592-218-3047

E-mail: xjkong@xmu.edu.cn
Islong@xmu.edu.cn
yzyuan@xmu.edu.cn

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/¢jic.201000491.

View this journal online at
wileyonlinelibrary.com

4526

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

exhibits a unique flexibility.['”] By selecting Keggin-type
SiW,040* and a four-connected 2D network of [Cu(4,4'-
bipy),(H,0),],,>** (bipy = bipyridine), we have reported two
complexes,  {[Cuy(4,4’-bipy)4(H,0)4](SiW 1,040)(H20) 15},
(1) and  {[Cuy(4,4'-bipy)s(H>0)4](SiW1,040)(4,4'-bipy),-
(H,0)4}, (2).151 As a continuation of our work in this
respect, we report here the synthesis and structures of
{[Cu,(4,4"-bipy)4(H20)4)(PW 15040)(H20) 15} 3) and
{[Cux(4,4"-bipy)a(H,0)4](PM01,040)(H20) 15}, (4), which
are constructed of different Keggin-type POMs (PW;,04*
for 3 and PMo,,04* for 4) and the same voids in a 2D
network. Most importantly, the catalytic properties of com-
plexes 1-4 for the oxidation of ethylbenzene were also inves-
tigated. We hope, based on the investigation of structure—
activity correlations, to understand the key factors that in-
fluence their catalytic properties so as to provide some hints
for the design of highly efficient catalysts in the future.

Results and Discussion

Description of Crystal Structures of Catalysts 3 and 4

The structure of 3 is shown in Figure 1, which can be
viewed as an adjacent four-connected 2D structure of
[Cu(4,4'-bipy)>(H,0),],”"* (Figure 2) connected through
the direct static incorporation between the PW,,0,4,* anion
and the 2D structure. The remaining void space of the
metal-organic framework is occupied by water molecules.
The metal-organic framework of 4 is very similar to that of
3. Structurally, 4 can be viewed as the PW ,04* anion in 3
replaced by PMo,,0,4,*". Thus the four POM-based metal-
organic frameworks are structural isomers of each other,
and the structure of 1 can be viewed as the PMo;,O40*
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anion in 3 replaced by the SiW,O4* anion, whereas the
structure of 2 can be viewed as the PW,,0,4,* anion and
part of guest water molecules in 3 replaced by the
SiW,040* anion and 4,4'-bipy guest molecules. In the
structures of 3 and 4, the charge of the PW,04* and
PMo,,04¢* anions is —4, which is due to the valence of one
W or Mo being +5; this is demonstrated from the X-ray
photoelectron spectroscopy (XPS) spectra and magnetic
measurements of 3 and 4. As shown in Figure Sla in the
Supporting Information, the four overlapped peaks at
34.87, 35.23, 37.05, and 37.41eV are ascribed to W>*
(4f55), WO (4f5,), W3* (4f55), and WO (4f5),), respectively,
whereas the four overlapped peaks at 231.16, 232.36,
234.29, and 235.49 eV are ascribed to Mo>* (3dsj,), Mo®*
(3dss), Mo’ (3ds,), and Mo®* (3ds,), respectively (Fig-
ure S1b). The existence of one W>* in the POMs in 3 is
further confirmed from the experimental and simulated
XPS spectra of 3, in which the ratio of W to W>* equals
11:1 based on the peak area obtained from the simulated
XPS spectra.l'®l Similarly, the only Mo>* is obtained from
the simulated XPS spectra of 4. The reduction of the POM
anions was often observed in the reaction of a nitrogen-
containing ligand with a POM anion under hydrothermal
conditions.'’l The oxidation-state change of W (or Mo)
atoms from a reactant WV (or MoV) to a resultant WV (or
MoV) in complex 3 (or 4) is probably associated with the
4,4’ -bipy ligand.

Figure 1. Polyhedron plot showing the 3D structure of 3.

Ty

Figure 2. Ball-and-stick plot showing the structure 4* network of
[Cu(4.4"-bipy)>(H,0),],*"* in 3.

To validate one W>* in the POMs in 3 and one Mo>* in
4, the variable-temperature magnetic-susceptibility data for
1-4 were recorded between 2 and 300 K under a magnetic
field of 10 kOe. The plots of y\T versus T are shown in
Figure 3a. At room temperature, for 1, the yy 7 value is
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equal to 0.73 emuK mol™!, which closely approximates the
predicted spin-only value (0.75 emuKmol™) for two Cul!
(S = %, g = 2.0) centers. As the temperature is lowered,
the ym T values remain constant at around 0.72 emu K mol™!
down to 20 K. This suggests the presence of paramagnetic
properties of the Cu'' ion in accordance with the other
Cu(4,4-bipy), compounds in which the copper ions are sup-
posed to have only weak interactions due to long Cu---Cu
distances.'81 Below 20 K, the y\T decreases abruptly down
to 2K (0.45 emuKmol™). This might be caused by the
zero-field splitting at low temperature. For 2, the same yy T
versus 7T plots are exhibited as for 1; the yy7 value is
0.73emuKmol! at 300K, remains constant around
0.71 emuKmol™! until reaching 16 K, and decreases to
0.47 emuKmol™! at 2K. But for 3, the yu7 value is
1.16 emu K mol™!. This corresponds to the calculated value
1.125 emuKmol! of two Cu'! (S = %, g = 2.0) and one
WV (S = %, g = 2.0) centers, which confirms the presence
of two Cu'' and one WV ion existing in the crystal structure.
Similar characteristics of paramagnetic behavior are exhib-
ited from 300 to 20 K, which is indicated by very weak in-
teractions between Cu---Cu and Cu-*W due to long interac-
tion distances. The y\7T values decrease respectively to
0.92 emuKmol ! at 2 K. For 4, the same characteristics of
paramagnetic behavior are exhibited as for 3: the yy,7 value
is 1.11 emuKmol ™ at 300 K, which is in accordance with
the calculated value (1.125 emuKmol™!) of two Cu' (S =
V5, g = 2.0) centers and one MoV (S = %, g = 2.0) center
per Cu,Mo unit.
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Figure 3. (a) The plots of y\T versus T for 1-4; (b) the plots of
the field dependence of magnetization for 1-4.

The field dependence of magnetizations for 1-4 mea-
sured at 2 K is shown in Figure 3 (b). For 1 and 2, it can
be seen that the observed magnetization (M) is in good ac-
cordance with the values predicted from the Brillouin func-
tion for two Cu'l ions with g = 2.0 [M = 2 X (2 X 4)]. Sim-
ilar to 1 and 2, the magnetization per Cu, W or Cu,Mo of
3 and 4 is also in line with the values predicted from the
Brillouin function for two Cu'! and one WY or MoV ions
with g = 2.0 [M = 2X (2 X "2 + '5)]. All of the magnetiza-
tions measured at 2 K are consistent with the results de-
duced from the magnetic-susceptibility data.

The accessible porosity in 1 to 4 for a guest molecule
calculated through the PLATON program!'l is
3089.8 A3mol ! (35.3%) for 1, 2681.5 A3mol ! (31.5%) for
2, 3065.7 A3mol! (34.6%) for 3, and 2991.5 A®mol™!
(33.9%) for 4. However, it is difficult to measure the surface
area and pore size of the related metal-organic frameworks
4527
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due to the removal of the guest, thereby resulting in the
layer distance in these metal-organic frameworks being sig-
nificantly shortened.!”!

Heterogeneous Catalytic Activity of 1

Catalytic Test

A probe reaction of the oxidation of ethylbenzene was
carried out to investigate the oxidative catalytic activity of
1-4 (Scheme 1). To optimize the product yield and selectiv-
ity, complex 1 and tert-butyl hydroperoxide (TBHP) were
selected as the catalyst and oxidant (Table 1), respectively,
to investigate the influences of different reaction parameters
(i.e., reaction temperature, reaction solvent, reaction time,
catalyst amount, and TBHP concentration) on the oxi-
dation of ethylbenzene. Table 1 shows the results about the
influences of different parameters on the performance of 1
toward the oxidation of ethylbenzene.

o] OH
©/\Catalyst Q)K ©)\ O/\o
e + +
CH;CN
Scheme 1. Oxidation of ethylbenzene to acetophenone.

Table 1. Selective oxidation of ethylbenzene by 1 using TBHP oxi-
dant.®!

Entry Solvent T ¢ TBHP/ Conversion® Selectivity®
[K] [h] substrate [%0] [%]
1[a] CH;CN 343 12 2 56.8 88.1
2l CH;OH 343 12 2 3.1 28.7
32l CH;COCH; 343 12 2 8.7 38.7
4fal CH;CN 313 12 2 9.0 65.8
5lal CH;CN 323 12 2 28.5 71.0
6l CH;CN 333 12 2 35.0 76.2
7l CH;CN 353 12 2 54.4 75.9
glal CH;CN 343 6 2 43.7 79.1
9lal CH;CN 343 8 2 49.2 82.4
10 CH;CN 343 10 2 55.7 85.2
110 CH;CN 343 18 2 59.7 88.6
120 CH;CN 343 24 2 62.3 86.2
138 CH;CN 343 12 0 0 0
14/ CH;CN 343 12 1 37.2 84.6
158 CH;CN 343 12 3 57.5 84.5
16 CH;CN 343 12 2 6.6 0
17l CH;CN 343 12 2 40.1 77.1
18 CH;CN 343 12 2 44.0 84.8
191 CH;CN 343 12 2 56.6 85.2

[a] Ethylbenzene (0.3 mL, 2.44 mmol) and catalyst (0.01 mmol) in
CH;CN (8 mL). [b] The average conversion of two runs based on
GC results. The reaction mixture was analyzed twice, before and
after treatment with PPh;. No differences from each other were
obtained. Ethylbenzene conversion [%] was defined as: conv. = (71,
+ Npa F Npanol + Momer) X 100/n¢40; acetophenone selectivity [70] was
defined as: selec. = n,, X 100/(1ap + 1pa + Npanot + Nother) [Mevo: the
initial molarity of ethylbenzene; eb = ethylbenzene; ap = aceto-
phenone; ba = benzaldehyde; panol = 1-phenylethanol; other =
other products (mainly benzoic acid)]. [c] No catalyst exits in the
reaction. [d] Catalyst (2.5 X 10-3 mmol). [e] Catalyst (0.005 mmol).
[f] Catalyst (0.015 mmol).
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Generally, the nature of the solvent plays a very impor-
tant role in the catalytic reactions carried out in the liquid
phase.?? 211 On account of 1 being completely insoluble in
organic solvents of methanol, acetonitrile, and acetone, the
reaction with 1 as the catalyst was performed at 343 K in
the presence of methanol, acetonitrile, and acetone, respec-
tively. As shown in entries 1-3 in Table 1, the conversion
(and selectivity) for the oxidation of ethylbenzene to aceto-
phenone conducted in methanol, acetone, and acetonitrile
was 3.1 (28.7%), 8.7 (38.7%), and 56.8% (88.1%), respec-
tively. This result indicates that acetonitrile is the best sol-
vent for the reaction.

Since the acetonitrile is the best solvent for the reaction,
the effect of reaction temperatures on the oxidation of eth-
ylbenzene with 1 as the catalyst was investigated in the pres-
ence of acetonitrile. As shown in entries 1 and 4-6 in
Table 1, both the conversion and selectivity for the oxi-
dation of ethylbenzene to acetophenone increase linearly in
the temperature range 313 to 343 K. However, with a fur-
ther increase in temperature, the conversion and selectivity
for the oxidation of ethylbenzene to acetophenone decrease
(entry 7). The lower conversion at 353 K might be attrib-
uted to the decomposition of TBHP™?! as well as the higher
temperature that results in further oxidation of aceto-
phenone to form overoxidized byproducts.**!

When extending the reaction time from 6 to 24h
(Table 1, entries 1 and 8-12), both the conversion and ace-
tophenone selectivity increased linearly and reached almost
saturation after 12 h of reaction. With a further increase
in reaction time, the reaction conversion increases slightly,
whereas the selectivity of acetophenone decreases slightly.
There was no significant increase in the conversion and
selectivity when extending the reaction time up to 24 h. This
may be related to the reaction reaching saturation by 12 h,
which suggests that 12 h is sufficient to afford optimized
yields and selectivity.

The effect of TBHP amount on oxidation of ethylben-
zene is presented in entries 1 and 13-15 of Table 1. In the
absence of any TBHP, oxidation of ethylbenzene to aceto-
phenone was not observed. By varying the ratio of TBHP
to ethylbenzene from 1:1 to 2:1, the conversion of ethylben-
zene to acetophenone increased from 37.2 to 56.8%, and
no TBHP was detected in the reaction mixture when the
ratio was 1:1. However, the conversion of ethylbenzene to
acetophenone slightly decreased when the ratio of TBHP to
ethylbenzene was increased to 3:1, thus suggesting that the
best ratio of TBHP to ethylbenzene for the conversion of
ethylbenzene to acetophenone is 2:1.

The effect of catalyst amount on oxidation of ethylben-
zene is presented in entries 1 and 16-19 of Table 1. In the
absence of any catalyst, the oxidation of ethylbenzene is
negligible (conversion of ethylbenzene is only 6.6%) after
the reaction has been performed at 343 K for 12 h. With an
increase in the amount of catalyst, the ethylbenzene conver-
sion increases and reached a maximum of 56.8% when the
amount of catalyst reached 0.01 mmol. However, the con-
version slightly decreased and acetophenone selectivity dis-
played a decreasing pattern when the amount of catalyst

Eur. J. Inorg. Chem. 2010, 4526-4531



Polyoxometalate-Based Metal-Organic Frameworks

increased to 0.015 mmol. This result suggests that the best
amount of catalyst for the oxidation of ethylbenzene to ace-
tophenone is 0.01 mmol.

Heterogeneous Catalytic Activity of 1 and Its Recyclel
Reuse

In the study of heterogeneous catalysts for liquid—solid
reactions, whether the reaction activity derives from the in-
soluble solid catalyst or from a small quantity of dissolved
catalyst is of key importance for the assessment of the cata-
lytic properties.?®! Thus, the amount of metal ions in the
reaction filtrate was tested by atomic absorption spectra.
No copper species (<0.1 ppm) were detected in the filtrate,
thereby indicating that the catalytic process is truly hetero-
geneous. Consistently, when 1 was used in the catalytic reac-
tion, not only was the filtrate catalytically inactive for the
oxidation reaction (FigureS2 in the Supporting Infor-
mation), but also no change occurred in the X-ray powder
diffractometry (XRPD) patterns before and after the cata-
lyst was used for the catalytic reaction (Figure S3 in the
Supporting Information). More importantly, when the cata-
lyst was reused for the subsequent oxidation reaction, the
conversion of ethylbenzene kept the original conversion,
and there is no significant loss of activity under similar con-
ditions even after three consecutive cycles (Figure S4 in the
Supporting Information).

Catalytic Activities of 1 to 4

Since the oxidation of ethylbenzene originates from the
catalyst, the catalytic activity of 1-4 was investigated under
the optimized reaction conditions [i.e., ethylbenzene
(0.3 mL, 2.44 mmol), catalyst (0.01 mmol), and 70% TBHP
(0.754 mL, 4.88 mmol), acetonitrile (8.0 mL), 70 °C, and
12 h] so as to reveal the relationship between structure and
catalytic properties. In addition, the catalytic activity of cor-
responding POMs was also investigated under identical
conditions for comparison. As shown in Table 2, the cata-
lytic activity of 1-4 toward the oxidation of ethylbenzene
is significantly higher than those of corresponding POMs,
comparable to the catalytic activity of the reported [Cu-
([H],-N)](CIO,) and Co-HMS (100).24a-51 The catalytic ac-
tivity of 1-4 for the oxidation of ethylbenzene follows the
order 1 > 3 = 4 > 2. It was noted that, in addition to the
heterogeneous catalyst of NasSiW,049, NasPW,04, and
Na3zPMo,,04, the catalytic activity for the homogeneous
catalyst of (BuyN)4SiW,049 and 4,4-bipy is also signifi-
cantly poorer than that of 1-4. This result indicates that
the catalytic activity for 1-4 is likely enhanced by copper
incorporated in the POM, which would be consistent with
the fact that the multinuclear copper complexes have the
requisite catalytic activity for C-H oxidation.”* Based on
the structural analysis of 1-4, the catalytic activity of 1 is
higher than that of 3 and 4. This can be attributed to fact
that the valence of one metal ion of POMs in 3 and 4 is +5,
since the reduced tungsten and molybdenum atom would
change the electric charges of the polyoxometalate and lead
to the lower oxidation.[?3
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Table 2. The effect of different catalysts on ethylbenzene oxi-
dation.[#!

Catalyst T [K] Solvent Conversion  Selectivity
[r) 0] [n 0]
1 343 CH;CN 56.8 88.1
2 343 CH;CN 37.9 80.1
3 343 CH;CN 44.5 82.2
4 343 CH;CN 45.1 86.5
(BugN),SiW 1,049 343 CH;3CN 35.4 79.1
Na SiW 1,04 343 CH;CN 27.5 76.4
Na3PW12040 343 CH3CN 11.4 65.6
Na;PMo;,04 343  CH;CN 28.6 76.0
4,4’ -bipy!®] 343  CH;CN 10.8 -
Blank 343  CH;CN 6.6 -

[a] Reaction conditions: catalyst (0.01 mmol), ethylbenzene(0.3 mL,
2.44 mmol), TBHP (0.754 mL, 4.88 mmol), CH;CN (8.0 mL), reac-
tion time 12 h. [b] Catalyst (0.04 mmol).

It was mentioned that the valence of POM influencing
the catalytic properties of the framework implies that the
POM in the framework plays a key role in the catalytic pro-
cess. Notably, although the 3D framework of 1 is very sim-
ilar to that of 2, both the conversion and selectivity of oxi-
dation of ethylbenzene for 1 are significantly higher than
those of 2. This result indicates that guest molecule of 4,4'-
bipy has a significant influence on the catalytic properties.
Given that the guest molecule of 4,4'-bipy is located in the
pore of the framework, the significant difference in the cata-
lytic activity between 1 and 2 suggests that the oxidation
reaction is performed in the pore of the framework. This is
understandable from their structures, since the guest mole-
cule of 4,4'-bipy in 2 could effectively prevent the substrate
from entering its pore. To confirm that the difference in
catalytic activity between 1 and 2 is related to the guest
molecule of 4,4'-bipy in the pore, thereby preventing the
substrate from entering the pore, a time-dependent oxi-
dation reaction of 1-phenylethanol for 1 and 2 was carried
out (Scheme 2). As shown in Figure 4, in contrast to the
linear increase over the whole reaction time for 1, the con-
version rate of the oxidation reaction for 2 is almost un-
changed when the reaction was performed within 5 h, and
very close to that of 1 when the reaction time is longer than
5 h. These results indicate that the guest molecule of 4,4’-
bipy in 2 remains in its pore at the beginning of the reaction
and has been fully exchanged by the time the reaction ex-
ceeds 5 h, which was further confirmed by the XRPD pat-
terns of 2 dipped in MeCN. As shown in Figure S5 in the
Supporting Information, when 2 is dipped in MeCN for
1 h, its XRPD patterns show that part of the guest molecule
of 4,4'-bipy is removed, whereas when 2 was dipped for
about 5 h, its XRPD patterns revealed that the guest mole-
cules of 4,4'-bipy in 2 are fully exchanged; fitting these
patterns (see the Supporting Information) gives unit-cell

OH o

Catalyst
CH;CN

Scheme 2. Oxidation of 1-phenylethanol to acetophenone.
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parameters of a = 17.823A, b = 22.146A, and ¢ =
22.225 A28 Unambiguously, the easier exchange of the
molecule of 4,4'-bipy is attributed to the static interaction
between the 2D network and the POMs, which is consistent
with the result previously reported in zeolite-like metal-or-
ganic frameworks.[14-ml

100
x—*

Conversion (%)
o ©
2 b
\*\
>

40 *
20 A A
0 , T
0 3 6 5

Time (h)

Figure 4. The effect of time on 1-phenylethanol oxidation with 1
and 2 as catalysts. (*) 1-Phenylethanol conversion [%] with 1 as
catalyst; (A) 1-phenylethanol conversion [%] with 2 as catalyst; re-
action conditions: catalyst (0.01 mmol), 1-phenylethanol (0.2 mL,
1.65 mmol), TBHP (0.4 mL, 2.6 mmol), 7 = 333K, CH;CN
(8.0 mL).

Conclusion

POM-based metal-organic frameworks represent an out-
standing class of functional materials and are also consid-
ered to be green materials. In this work, we have reported
the catalytic activity of four POM-based metal-organic
frameworks toward the oxidation of ethylbenzene, as well
as the optimized conditions for the catalytic reaction. Inves-
tigation on the structure—activity correlations reveals that
the oxidation of the substrate occurred in the pore of the
framework, and that the valence of the metal ion in the
POMs significantly influences the catalytic of the 3D frame-
work. Hence, the present work would be helpful for the ra-
tional design of new POM-based catalysts for other impor-
tant organic transformations.

Experimental Section

Materials and Measurements: Ethylbenzene was repurified before
use. TBHP (70%) was purchased commercially. Other reagents
used in the work were all AR grade. Atomic absorption results
were obtained with a Thermo Electron IRIS Intrepid IT XSP. XPS
studies of the complexes were performed with a Physical Electrons
Quantum 2000 Scanning Esca Microprob spectrometer. XRPD was
performed with a Panalytical X-Pert pro diffractometer with Cu-
K, radiation (4 = 0.15418 nm, 40.0 kV, 30.0 mA). The reaction
products of oxidation were determined and analyzed with a GC-
920 instrument with a capillary column (30 m X 0.25 mm); benzyl
alcohol (analytical pure grade) was used as internal standard for
GC measurements. Magnetic measurements were carried out with
a Quantum Design MPMS XL-7 magnetometer working in the DC
mode. The measurements were performed in the range of 2-300 K
with a magnetic field of 10 kOe. The FTIR spectrum was recorded
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with a Nicolet AVATAR FTIR360 Spectrophotometer in the 4000—
400 cm ™! range with pressed KBr pellets.

Synthesis of Catalysts 1 to 4: Complexes 1 and 2 were prepared as
described previous work.["] Complex 3 was prepared as follows:
NazPW 50y (1.18 g, 0.40 mmol), 4,4'-bipy (0.06 g, 0.4 mmol), and
Cu(NOs),*3H,0 (0.19 g, 0.8 mmol) were dissolved in distilled water
(10 mL) with stirring at room temperature. When the pH value of
the mixture was adjusted to about 6 with 1.0 molL ' NaOH, the
cloudy solution was put into a 25 mL Teflon®-lined Parr autoclave
and heated to 190 °C for 48 h, and then cooled to 100 °C at a rate
of 5°Ch~!. After remaining at 100 °C for 10 h, the mixture was
cooled to room temperature at a rate of 5°Ch™!. Blue crystals of
3 were obtained in 40% yield (based on 4,4'-bipy). C4oH7,Cu,Ng-
O PW 5 (4025.32): caled. C 11.90, H 1.88, N 2.78; found C 11.73,
H 1.64, N 2.79. IR (KBr): ¥ = 3432 (s), 1611 (s), 1530 (w), 1491
(w), 1414 (m), 1214 (m), 1102 (w), 1061 (s), 954 (s), 881 (m), 810
(s), 748 (w), 518 (m) cm™!. Complex 4 was prepared as follows:
H;3[PMo0,,040] (0.73 g, 0.40 mmol), 4,4'-bipy (0.06 g, 0.4 mmol),
Cu(NO3)»*3H,0 (0.19g, 0.8 mmol), and anhydrous ethanol
(1.0 mL) were dissolved in distilled water (12 mL) with stirring at
room temperature. When the pH value of the mixture was adjusted
to about 5 with 1.0 molL! NaOH, the cloudy solution was put
into a 25 mL Teflon®-lined Parr autoclave and heated to 165 °C
for 24 h, and then cooled to 100 °C at a rate of 5°Ch™'. After
remaining at 100 °C for 10 h, the mixture was cooled to room tem-
perature at a rate of 5 °Ch~'. Brown crystals of 4 were obtained in
13.1% yield (based on 4,4'-bipy). Cy4H76Cu,M0;,N3zO4,P
(2970.40): caled. C 16.16, H 2.56, N 3.77; found C 16.64, H 2.26,
N 3.87. IR (KBr): ¥ = 3435 (s), 2925 (m), 1615 (s), 1537 (w). 1460
(w), 1417 (m), 1384 (m), 1222 (m), 1055 (w), 946 (m), 906 (vs), 796
(vs), 534 (m) cm™ .

X-ray Crystallography: The data for single-crystal X-ray structure
determination were collected with a Bruker SMART Apex CCD
diffractometer at 298 K for 3 and 173 K for 4. Absorption correc-
tions were applied using the multiscan program SADABS."?’l The
structures were solved by direct methods, and the non-hydrogen
atoms were refined anisotropically by the least-squares method on
F? with the SHELXTL program.[?®! The hydrogen atoms of the
organic ligand were generated geometrically (C-H, 0.96 A). All the
guest water molecules in a unit were removed by SQUEEZE; 18
water molecules were determined by elemental analysis. Crystal
data for 3: orthorhombic; space group Ceem; a = 17.965(4) A, b
= 22.164(4) A, ¢ = 22.225(4) A; V = 8849(3) A% Z = 4; pegea. =
3.021 gem3; 1 = 16.121 mm™'; M, = 4025.34; R (obsd.) = 0.0867;
wR>(all data) = 0.2231; GOF () = 1.025. Crystal data for 4: or-
thorhombic; space group Ceem; a = 17.847(4) A, b = 22.178(4) A,
¢ =22284(5) A; V' =8820(3) A3, Z = 4; peared. = 2.237 gem 3 i =
2243 mm'; M, = 2970.42; R,(obsd.) = 0.0791; wR,(all data) =
0.2101; GOF (F?) = 1.032.

CCDC-705473 (for 3) and -705474 (for 4) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Heterogeneous Oxidation of Ethylbenzene and 1-Phenylethanol:
Oxidation reactions of ethylbenzene or 1-phenylethanol were car-
ried out in a round-bottomed flask fitted with a water-cooled con-
denser by using 70 wt.-% aqueous tert-butyl hydroperoxide (TBHP)
as oxidant. The reaction mixture was centrifuged to remove the
catalyst and analyzed by gas chromatography with a flame-ioniza-
tion detector (FID) and a capillary column (30 m X 0.25 mm). As-
signments were made by comparison with authentic samples ana-
lyzed under the same condition.

Eur. J. Inorg. Chem. 2010, 4526-4531
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Supporting Information (see also the footnote on the first page of
this article): XPS spectra of 3 and 4, XRD patterns of 1 and 2, the
catalytic result of recycling 1 three times, the IR spectra, and the
simulation of space group and unit cell from XRPD patterns of 2
dipped in MeCN for 5 h.
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